Abstract-An hyperspectral imaging spectrometer measuring in the longwave thermal infrared (7.6-11.6 µm), with a spatial resolution less than 5 mm at a range of 10 m, was used in the field to observe the variability of emissivity spectra of individual rock surfaces. The rocks were obtained commercially, were on the order of 20 cm in size, and were selected to have distinct spectral features: They include alabaster (gypsum), soapstone (steatite with talc), obsidian (volcanic glass), norite (plagioclase and orthopyroxene), and "jasper" (silica with iron oxides). The advantages of using an imaging spectrometer to characterize these rocks spectrally are apparent. Large spectral variations were observed within individual rocks that may be attributed to roughness, surface geometry, and compositional variation. Nonimaging spectrometers would normally miss these variations as would small samples used in laboratory measurements, spatially averaged spectra can miss the optimum spectra for identification of materials, and spatially localized components of the rock can be obscured.
I. INTRODUCTION
T HE development of imaging spectrometers operating at thermal infrared wavelengths enables observation of the spatial variability of emissivity spectra of material surfaces. The body of literature on the general problem of temperatureemissivity separation is large, and several important papers have been collected in a special issue of Remote Sensing of Environment [1] . Little is known about the spatial variability of spectral emissivity, and using imaging spectrometers, spatial variability can be examined at various scales depending on platform and sensor viewing geometry. Spectral libraries [2]- [4] obtained from laboratory or field spectrometers show that thermal infrared spectra are useful for identifying many minerals, rocks, and other solid materials, but the samples are generally singular and do not observe the spectral variability in L. Balick is with the Space and Remote Sensing Sciences Group, Los Alamos National Laboratory, Los Alamos, NM 87545 USA (e-mail: lbalick@lanl.gov).
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A. the landscape. Laboratory measurements may elucidate fundamental properties of materials but commonly do not represent the materials as they would be seen from remote sensing platforms. Even for compositionally identical materials, factors such as coatings, surface weathering and wear, grain size, surface geometry (scales coarser than ∼2 mm), compositional mixing, dust, and water content can create significant differences in spectra for materials with the same bulk chemistry and crystal forms. This letter reports observations of longwave thermal infrared emissivity spectra made at close range (∼10 m) using the Telops Inc. FIRST [5] imaging spectrometer on a set of commercially obtained rocks selected to have distinct spectral features. These rocks were mined at sometime in the recent past (1-10 years). Some surfaces have been altered either incidentally during mining or intentionally afterward, are not heavily weathered, and do not necessarily represent how they would look in situ. They do, however, give an indication of the sources of spectral emissivity variability. The rock measurements were incidental to a larger measurement effort, and unfortunately, no special effort could be made to characterize their chemical and physical properties. The objectives of this letter are to report observations of the differences of spectral emissivity of areas of individual rocks and to demonstrate the value of using imaging spectrometers to make emissivity measurements in the field. This letter does not address the broader problems in measuring emissivity in the field or the set of phenomena influencing surface emissivity.
II. DATA

A. Sensor
The sensor used for these measurements was the Telops Inc. FIRST FTIR imaging spectrometer operated in the range from 7.71-to 11.76-μm wavelength at spectral resolution of 4 cm −1 (∼ 0.0119 μm at 7.7 μm and ∼ 0.0283 μm at 11.76 μm) providing 135 spectral bands. The sensor has an instantaneous field of view of 0.35 mrad and acquired images of 320 × 256 pixels. The FIRST was operated on a platform about 7.5 m above the ground at a 45
• nadir angle. This gives a ground sample distance about 5 mm, and the field of view (FOV) was about 1.2 m × 1.6 m. The S/N measured in the field on the reference panel (see Section II-D) was roughly 30, but variable, while in indoor laboratory measurements, the S/N was about 35.
B. Site
The measurements were made at the University of Arizona Maricopa Agricultural Center (MAC) A hurricane was passing through southern Arizona, creating significant but variable cloudiness and hot and humid conditions. Other data sets were obtained, but no appreciable differences between them were noted; therefore, they are not reported.
C. Rock Samples
Since the FOV of the sensor was small, 16 rocks were placed in three groups. Spectra from a subset of five rocks are discussed here. Fig. 1 shows a photograph taken of one of the groups with four of the rocks with the fifth (soapstone) from another group shown in the inset. Fig. 2 shows a false-color composite of the same rocks and panel made from FIRST image data from a slightly different viewpoint. The five rocks are as follows:
1) Alabaster is a hydrous calcium sulfate (gypsum) with approximately half of the rock sanded and flattened with 80 grit sandpaper and brushed to remove loose material. The sanding smoothed the rock but also removed any weathering or surface chemistry changes that might have been present (unnoticed visually). Visually, the rock is slightly translucent and the composition is uniform. 2) Soapstone is a steatite with a high talc content, with a portion of the observable surface sanded with 80 grit sandpaper and the dust removed. 3) Obsidian is a naturally occurring volcanic glass (noncrystalline) with a high SiO 2 content, a type popularly called mahogany obsidian because of the brown color mixed with the more common black in the rock. Visually, most of the rock had glassy surfaces, but parts of the surfaces appear matte. 4) Norite is a coarse-grained igneous rock composed largely of the calcium-rich plagioclase labradorite and orthopyroxene hypersthene with subordinate olivine. Of interest here, the rock has two rounded drilled holes in its surface, about 1.5 cm across and 1.5 cm deep. 5) "Leopard skin jasper" is the popular name for this rock that is largely microcrystalline quartz. It has small round inclusions of different colored minerals, giving it its "leopard skin" name. Visually, the rock appears yellowish brown with grayish bands. Of interest is a V-shaped depression in the rock.
D. Reference Panels
Two new Labsphere Inc. 25.4-cm (10 in) square Infragold [8] reference panels were placed in the scene of two of the groups of rocks. The manufacturer's spectral measurements showed that the two panels were close to spectrally flat, with average of 5.6% and 4.3% emissivity. Both panels had thermistors fastened to the base of the panels to get a rough estimate of the panel temperature. Because the emissivity of the panels is very low, emissivity retrievals are insensitive to the panel temperature (discussed later). The panels were assumed to be nondirectional at the 45
• nadir angle used here.
III. ANALYSIS
A. Downwelling Radiance
Atmospheric downwelling spectral radiance L ↓ at a given wavelength is calculated as
where L panel is the measured radiance from the panel, ε and ρ are the average emissivity and reflectivity of the panel, and B(T s ) is the blackbody spectral radiance of the panel at surface temperature T s . The assumptions here are that the panel spectral ε and ρ can be represented by the spectral average of the manufacturer's measurements and that T s , measured at the base of the panel, adequately represents the temperature of the surface. The reality is that the relationship between the measured and the real panel surface temperature is unknown and that a thin layer of aeolian dust (soil) was progressively deposited on the panels. There is little spectral content in the dust, and its effect is not large enough that it can be explicitly observed. Another assumption is that the atmospheric transmittance in all bands through the 10-m path is unity. It will be seen that errors in the estimation of L ↓ are apparent in the emissivity spectra retrieved. Atmospheric spectral features, however, can be distinguished from the rock spectra by their wavelengths and bandwidths. Less obvious are changes of the overall level of emissivity of the scene material.
A common problem in this approach is that in many measurements of downwelling radiance, it is below the minimum radiance calibration of the instrument used, and combined with the nonlinear response of the detectors, the resulting measurements may be in error. In the hot humid conditions during these measurements, this problem was not encountered. On the other hand, errors in estimating downwelling radiance caused notable artifacts in the results.
B. Emissivity Retrieval
Emissivity is calculated as
where ε is the emissivity of the rock, L meas is the measured spectral radiance of the rock, L ↓ is the downwelling spectral radiance defined in (1), L bb is the blackbody spectral radiance at the surface temperature of the rock, and all quantities are spectrally dependent. Multiplying both sides of (2) by L bb and solving again for ε give
The only unknown in (3) is L bb which, at any wavelength, is a function of surface temperature and must be estimated from measurements.
Two approaches to estimating the rock surface temperature were used. In both approaches, spatially averaged spectra were used. The first is sometimes referred to as "Planck's function draping" [9] . The temperature retrieved is that which gives the best fit of the Planck's function to the measured spectra, assuming a maximum emissivity value in a high atmospheric transmittance part of the spectrum. In this letter, the maximum emissivity is assumed to be 0.96, and it generally occurs at wavelengths > 10 μm. An exception is for the soapstone for which the maximum emissivity occurs near 8.5 μm as shown in the talc spectra in the ASTER spectral library [2]. Surface temperatures were estimated by determining the gray-body spectrum that best fits the rock spectrum, taking into account the atmospheric spectral features. In the second approach, the surface temperature that minimized the high-frequency spectral variability in the emissivity spectrum was used. The basic concept was developed by Horton et al. [10] . Minimum variability was determined visually. The only meaningful difference observed between the two approaches is a slight shift in the retrieved spectra with the first approach (assumed maximum emissivity) generally giving slightly higher values. Consequently, only the results from the assumed maximum emissivity are shown in the following sections.
The rock spectral radiance measurements (L meas ) are averages over a spatial region of interest that generally involves hundreds of spectra in our experiment. The most notable exception is the spectrum from the holes in the norite which is an average of only five pixels. Other small areas include the depression in the jasper (77 pixels) and the matte surface of the obsidian (86 pixels). Regions averaged were defined to avoid edges, but no particular effort was made to avoid bad pixels or noise spikes that are rare and assumed to disappear in the averaging.
Most of the uncertainties in this calculation affect the overall magnitude of the spectra and not the spectral features. A difference in the assumed maximum emissivity of 0.01 leads to retrieval error of 0.02-0.04 emissivity units. For a warm sunlit reference panel, an underestimate of the surface temperature of 10 K results in only a slight change of the emissivity spectrum: The change depends on the emissivity and is around 0.006 emissivity units when the emissivity is around 0.6 down to about 0.001 emissivity units when the emissivity is near 0.96. Errors in estimating rock blackbody radiance (L bb ) are the difference between two Planck functions, which is a smooth function of wavelength. Since the reference panel was measured simultaneously with the rocks, there is no concern about time variation of downwelling radiance.
IV. RESULTS
A selection of averaged spectra from the imaging spectrometer is given in Fig. 3 . The high-frequency variations are atmospheric features (repeatable) or, occasionally, noise spikes. Fig. 3(a) shows the average emissivity for the sanded and the rough surfaces of the alabaster rock. As shown in Fig. 1 , the right side of the rock was sanded. It shows the expected gypsum emissivity feature with a minimum at about 8.6 μm. Notably, the spectral feature for the sanded surface is about two or three times as deep as for the rough surface. We attribute this to the decrease of surface roughness, although the possibility that the sanding removed surface weathering cannot be eliminated. Fig. 3(b) shows spectra from the sanded and rough soapstone. As shown in Fig. 1 , the upper right part of the rock was sanded. Its spectrum has a very broad doublet feature roughly, but not exactly, where it would be expected from the talc spectra from the ASTER spectral library. Again, the feature for the sanded surface is more than twice as deep as for the rough surface. The observation that the effect of sanding is similar for rocks of different mineralogy, including for a variety of rocks not presented here, supports the hypothesis that these Fig. 3 . Spatially averaged spectra from the FIRST imaging spectrometer for selected areas of the rocks. For parts (a)-(e), the spectra were taken from two areas of the same rock.
very strong changes of the spectrum are due to changes of roughness and are unrelated to composition. Fig. 3(c) shows two average spectra taken from different surfaces of the obsidian. In Fig. 1 , the matte surface is at the back of the rock. The deep broad spectral feature typical of glass is present in spectra for the smooth shiny surface but nearly disappears for the matte surface. This is consistent with the effect of roughness but may be due to a mineral coating on the matte surface that may also have an effect. Fig. 3(d) shows two averaged spectra from the norite, one from the flat surface and one from the drilled depressions. There do not appear to be any distinct spectral features, although the minimum emissivity is several emissivity units lower than other parts of the spectrum. However, the spectrum from the holes is flat, nearly a blackbody. This is attributed to multiple reflections between facets of the surface, sometimes called the "cavity effect." Fig. 3(e) shows the different spectra between the main body of the jasper and a shallow V-shaped depression toward the right side of the rock. It is the bluish-gray wedge-shaped area of the rock in Fig. 2 . The spectral depth from the depression is about half as deep as for the main body of the rock, and the minimum seems to be shifted slightly to longer wavelengths. However, there seems to be an additional weak feature in the depression spectrum at about 9.0 μm, suggesting a compositional difference in that area of the rock. Although there is no visually obvious difference in the surface of the depression, compositional variation might explain the shift and overall shallowness of the spectrum near the depression. However, the general loss of spectral feature depth is also symptomatic of the cavity effect. Finally, Fig. 3(f) shows three spectra of sanded soapstone surfaces, demonstrating consistency between observations for one rock at two different times (S1 T1, S1 T2) and for two different rocks (S1 T1 and S2 T1).
V. CONCLUSION
The measurements presented show that large spectral variations can result from fairly modest differences within individual rocks. Granted, some of these differences were artificially created, and individual rocks may not represent in situ spectral variations for natural scenes. Nevertheless, they point to a need to understand the spatial variability of solid surfaces in realistic settings. Remote sensing systems, and even groundbased spectrometers, will observe some sort of spatially averaged spectra with little information about the diversity of materials in the pixel. This average spectrum will likely be a weakened version of the best diagnostic spectrum, or spectra, within the pixel. This is particularly true when the pixel contains more than one material. Laboratory spectra are commonly made on very small samples that can be unrepresentative for a variable natural surface, even if it is compositionally the same. Commonly, in an effort to get the "best" fundamental spectrum for a material, samples are prepared by removing "dirt," grinding the surface, or packing a soil sample, all of which remove the natural surface that sensors will see. Good measurements of the pure materials are important, but the differences and variations of spectra in more natural settings need to be acknowledged and understood.
There is a clear need to improve estimation of downwelling radiance: The use of the reference panels did not reliably remove all the atmospheric effects. Simplifying assumptions were made about its emissivity and directional properties which must be more carefully evaluated. The deposition of soil particles on uncovered reference panels and target rocks during measurement is another potential source of error that may be unrecognized. The assumption that the atmospheric absorption/ emission is zero for short atmospheric paths between the rocks and the sensor needs to be challenged, particularly for the water vapor bands. It is possible to remove high-frequency artifacts either with physically based approaches, since they occur at known strengths and locations, or empirically through a welldesigned smoothing algorithm. The rocks measured are not natural surfaces and may be spectrally different from natural materials. Future plans call for measuring in situ rocks and rock outcrops.
There is nothing in these measurements that suggests that hyperspectral thermal infrared sensing will not work to identify many materials, natural and man-made. Although the literature is sparse, a robust capability to perform material discrimination with hyperspectral thermal infrared data was demonstrated, with the spatially enhanced broadband array spectrograph system [11] - [13] sensor years ago and with the thermal emission spectrometer [14] on Mars. However, there are limits in any system, and understanding the variability of spectral emissivity of solid materials in the real world would be a significant step in minimizing these limits.
